The effect of nitrogen interstitial atoms on the cyclic stability of V 0.37 Ti 0.33 Mn 0.3 was investigated. V 0.37 Ti 0.33 Mn 0.3 with and without nitrogen were hydrogenated and dehydrogenated for 100 times. During hydrogen cycling, the hydrogen absorption plateau pressure of both samples decreased significantly but the desorption plateau pressure stayed the same resulting in smaller hysteresis at higher cycle. Their reversible hydrogen storage capacity progressively diminished with increasing cycle number. At the first cycle, V 0.37 Ti 0.33 Mn 0.3 without nitrogen absorbed more hydrogen than V 0.37 Ti 0.33 Mn 0.3 with nitrogen but at the 100th cycle the situation was reversed; V 0.37 Ti 0.33 Mn 0.3 with nitrogen showed a higher reversible hydrogen storage capacity. This result strongly suggests that nitrogen interstitial atoms somehow retard the degradation of the hydrogen storage capacity of
Introduction
Metal hydrides are distinguished from other types of hydrogen storage materials, like complex hydrides or porous materials, by their readily reversible ability at ambient conditions. 1) While most of hydrogen absorbing metals and intermetallic compounds absorb H/M (the number ratio of absorbed hydrogen to metal atoms) ³1 of hydrogen (for example LaNi 5 , ZrMn 2 , TiMn 2 and TiFe), numerous V-based body-centered cubic (bcc) alloys show the total hydrogen storage capacity of H/M ³2. However, they can only desorb around a half of absorbed hydrogen at ambient conditions and often show poor cyclic stability, that is to say, the reversible hydrogen storage capacity gradually decreases as the hydrogen absorption and desorption process is repeated. If these challenges are successfully overcome, V-based bcc alloys will largely contribute to the realization of the hydrogen economy.
Hydrogen absorption in most of V-based bcc alloys including pure V occurs through following steps. When hydrogen gas is applied, V-based bcc alloys first form a solid solution hydride phase where hydrogen randomly occupies the octahedral interstitial sites of a bcc metal lattice (i.e., hydrogen is surrounded by six metal atoms). With increasing applied hydrogen gas pressure, the alloys absorb more hydrogen and absorbed hydrogen starts to occupy octahedral sites in an ordered way. This phase is called a monohydride phase. Although many V-based bcc alloys keep the bcc structure in the monohydride phase, some of VTiCr alloys and pure V change their structure type to body-centered tetragonal (bct) because of the favor of hydrogen to the octahedral-z sites. A further increase in hydrogen gas pressure leads to the formation of a dihydride phase with a face-centered cubic (fcc) structure. In this phase, H/M ³2 of hydrogen sits on the tetrahedral interstitial sites. Because the hydrogen desorption pressure of the monohydride phase of currently available V-based bcc alloys is low, only the amount of hydrogen absorbed during the transition from the monohydride to the dihydride phase can come out at ambient conditions and change in this reversible hydrogen content by hydrogen cycling determines the cyclic stability of V-based bcc alloys.
There is an interesting empirical relationship between the cyclic stability of V-based bcc alloys and the structure of their monohydride phase; excellent cyclic stability is often observed from alloys showing a bct monohydride phase. 2, 3) Note that difference in a bcc and a bct structure is that one axis of a bct unit cell is slightly longer than other two (a = b º c and 1 < c/a¯1.1). 4, 5) If the bct distortion of a monohydride phase is an important factor for excellent cyclic stability, it is worth investigating the cyclic stability of V 0.37 Ti 0.33 Mn 0.3 6) which forms a monohydride phase with a large bct distortion (c/a ³ 1.3).
79) This distortion is too large to say that the structure is bct but not large enough to say that the structure is fcc (an fcc structure can be seen as a bct structure with c/a = 1.414). Because of this reason, the monohydride phase of V 0.37 Ti 0.33 Mn 0.3 was differentiated from a bcc or a bct monohydride by calling it a deformed fcc monohydride phase. 7) In our previous work, we found that there is a close correlation between reduction in the reversible hydrogen storage capacity and increase in the dislocation density in V 0.8 Ti 0.2 by hydrogen cycling. 10) Based on the findings, we suggested that cyclic stability would be improved by suppressing the formation of dislocations. In this study, we examine how the hydrogen storage properties of V 0.37 Ti 0.33 Mn 0.3 change during hydrogen cycling and investigate the effect of nitrogen, one of well known interstitial elements for solid solution hardening by dislocation pinning, 11) on the cyclic stability of V 0.37 Ti 0.33 Mn 0.3 .
Experimental Procedure
2.1 Sample preparation V 0.37 Ti 0.33 Mn 0.30 alloys with and without nitrogen were synthesized by arc melting of a 18 g portion of V (purity > 99.9%), Ti (purity > 99.9%), and Mn (purity > 99.99%) metal chunks on a water-cooled copper crucible in an argon atmosphere. 5 mass% more of Mn was added to prevent the formation of Mn-poor composition due to its high vapor pressure. A small amount of nitrogen was introduced by replacing 2 at% of V with VN (V 0.37 Ti 0.33 Mn 0.30 -N). The synthesized button-shaped samples were annealed at 1473 K in an argon atmosphere for 24 h and ice-water quenched to obtain a single phase alloy since the V 0.37 Ti 0.33 Mn 0.30 alloy is only stable at high temperature. The morphology and the composition of samples were analyzed using a scanning electron microscope (SEM) and an energy dispersive X-ray spectroscope (EDX), respectively.
PCT measurement and pressure swing cycle test
Around 2 g of each sample was cut into small pieces and sealed in a stainless steel container. Prior to the pressurecomposition isotherm (PCT) measurement of the first cycle, both samples were heated at 433 K for 3 h under vacuum for activation. The PCT curves of selected cycles (first, second, third, fourth, 10th, 30th, 50th, 75th and 100th cycles) were measured using Sieverts-type apparatus, and between these selected cycles, pressure swing tests were carried out by applying around 7 MPa of hydrogen gas to the sample, letting it absorb hydrogen for 30 min, and then evacuating it for 30 min for dehydrogenation. After 30 min of absorption, the pressure inside the container reached ³3.8 MPa. The PCT measurement and pressure swing tests were carried out at 298 K for the first three cycles and 363 K for subsequent cycles. Before each PCT measurement, the samples were vacuumed for more than 12 h at 363 K using a rotary pump.
X-ray powder diffraction experiment
Alloy samples before hydrogenation were finely ground and sieved in the air. Dihydride samples were prepared as follows. After the PCT measurement of the 100th cycle, the V 0.37 Ti 0.33 Mn 0.30 and V 0.37 Ti 0.33 Mn 0.30 -N samples were hydrogenated by applying more than 7 MPa of hydrogen gas at 363 K, and then each container was cooled by liquid nitrogen for more than 3 min. As soon as the container was opened, the sample was poured into acetone and ground to a fine powder for deactivation. Powder samples (particle size < 35 µm) were loaded on zero diffraction plates made of Si. X-ray powder diffraction data were collected at room temperature using a diffractometer manufactured by Rigaku (RINT-2500V). Structural modeling in reciprocal space was carried out by the Rietveld method using the RIETAN-FP program.
12)

Results and Discussion
A piece of sample less than 7 mm © 7 mm © 7 mm was used for investigating the morphology and composition. (Table 2 ) is close to the values reported in literature. (Fig. 1(a) ) and this Laves phase is Fig. 1(b) ). Refined lattice parameter, 0.42204 nm is close to the lattice parameter of TiN (0.4220.424 nm) rather than that of VN (0.4120.414 nm) suggesting that TiN was formed during the sample preparation process. Rietveld analysis shows that the phase fraction of TiN is less than 0.22% (Table 2) indicating that the most of nitrogen is in the bcc phase.
The PCT curves of V 0.37 Ti 0.33 Mn 0.30 and V 0.37 Ti 0.33 Mn 0.30 -N for the first three cycles obtained at 298 K are shown in Figs. 2(a) and 2(b) , respectively. At the first cycle, two distinct absorption plateaus, one at 0.0020.003 MPa and the other at ³1 MPa, were observed from both samples (open circles in Fig. 2 ). The lower relatively flat absorption plateau corresponds to the transition from a solid solution hydride phase to a monohydride phase, and the higher noticeably slanted plateau corresponds to the transition from a monohydride phase to a dihydride phase. 6, 8) V 0.37 Ti 0.33 Mn 0.30 undergoes both transitions at slightly lower pressure than V 0.37 Ti 0.33 Mn 0.30 -N and absorbs slightly more hydrogen at the first cycle. Note that the absorption plateau pressure was greatly reduced by hydrogen cycling; for both cases, it dropped by an order of magnitude by the third cycle and eventually fell out of our detection range in subsequent cycles. In addition, desorption plateau pressure was out of our detection range from the very beginning. Because of this reason, the PCT measurement and pressure swing tests were conducted at 368 K from the fourth cycle. It is clearly evident that the absorption plateaus were continuously lowered until the 30th cycle (Fig. 3) . Although the absorption plateau pressure for the monohydride to dihydride transition changed drastically with increasing cycle number, the desorption plateau pressure stayed almost the same resulting in smaller hysteresis at higher cycle. Change in hysteresis until the 30th cycle can be readily seen from the hysteresis factor defined as hysteresis factor ¼ lnðP abs =P des Þ;
where P abs and P des are absorption and desorption plateau pressures taken at the center of each plateau, respectively. The hysteresis factor at the first cycle was ³5 A large reduction in hysteresis by hydrogen cycling was also observed in VTi bcc alloys 15) but it was not as striking as in VTiMn case. Although change in absorption plateau pressure becomes insignificant after 30 cycles, degradation of the reversible hydrogen storage capacity continues (Fig. 3) . As one may have noticed, the capacity of V 0.37 Ti 0.33 Mn 0.30 -N decreases more slowly than that of V 0.37 Ti 0.33 Mn 0.30 . This can be more easily seen by a direct comparison of their PCT curves at the first and the 100th cycle (Fig. 4) . As mentioned earlier, V 0.37 Ti 0.33 Mn 0.30 absorbs more hydrogen than V 0.37 Ti 0.33 -Mn 0.30 -N during the monohydride to dihydride transition at the first cycle (Fig. 4(a) ) but surprisingly, the situation is (Fig. 5) . One may be puzzled by the fact that we do not see even a monohydride phase in X-ray diffraction patterns in spite of a large reduction in capacity. This is probably because when the samples were cooled down to the temperature of liquid nitrogen under hydrogen gas pressure for deactivation, they probably absorbed more hydrogen than at 368 K. Detailed discussion about this issue can be found in Ref. 15) .
Since the chemical compositions of our V 0.37 Ti 0.33 Mn 0.30 and V 0.37 Ti 0.33 Mn 0.30 -N samples are not so much different (Table 1) and there is no sign of the formation of a new extra phase during hydrogen cycling, difference in cyclic stability most likely arises from the presence of nitrogen interstitial atoms in V 0.37 Ti 0.33 Mn 0.30 -N. At this moment, it is not clear why nitrogen interstitial atoms decelerate the degradation of the hydrogen storage capacity, but one possibility is that they probably restrict the number of dislocations formed in the sample during hydrogen cycling. On the other hand, we do not see much difference in lattice strain that accumulated during hydrogen cycling (Table 3) . This is probably because the dislocation density is too high for us to accurately evaluate it from diffraction peaks. It is worth mentioning that although most of previous studies reported the presence of a C14 Laves phase as a secondary phase in VTiMn bcc alloys, 79,16) our V 0.37 Ti 0.33 Mn 0.30 -N does not contain a Laves phase. This suggests that nitrogen stabilizes the bcc phase of VTiMn alloys. At any rate, this study shows there is a great potential for improving the cyclic stability of V-based bcc alloys by introducing nitrogen. However, as it is seen in Fig. 1 , nitrogen seems to prefer to form TiN. Therefore, in order to introduce more nitrogen in a bcc metal lattice, we need to somehow restrain the formation of a nitride phase during sample synthesis.
Conclusions
We have investigated change in the hydrogen storage properties and the cyclic stability of V 0.37 Ti 0.33 Mn 0.30 by introducing nitrogen interstitial atoms. A small amount of a C14 Laves phase was found as a secondary phase in V 0.37 Ti 0.33 Mn 0.30 but not in the nitrogen-containing V 0.37 -Ti 0.33 Mn 0.30 . Their PCT curves were similar in appearance and both showed an unexpectedly large reduction in the hydrogen absorption plateau pressures during 100 hydrogen absorption and desorption cycles. In addition, their hysteresis got significantly smaller and the reversible hydrogen storage capacity decreased progressively over the testing cycles. Although the initial capacity of V 0.37 Ti 0.33 Mn 0.30 was higher than that of the nitrogen-containing sample, the situation 
